Small regulatory RNAs (sRNAs) are the most prominent post-transcriptional regulators in all kingdoms of life. A few of them, e.g. SR1 from Bacillus subtilis, are dual-function sRNAs. SR1 acts as a base-pairing sRNA in arginine catabolism and as an mRNA encoding the small peptide SR1P in RNA degradation. Both functions of SR1 are highly conserved among 23 species of Bacillales. Here, we investigate the interaction between SR1P and GapA by a combination of in vivo and in vitro methods. De novo prediction of the structure of SR1P yielded five models, one of which was consistent with experimental circular dichroism spectroscopy data of a purified, synthetic peptide. Based on this model structure and a comparison between the 23 SR1P homologues, a series of SR1P mutants was constructed and analysed by Northern blotting and co-elution experiments. The known crystal structure of Geobacillus stearothermophilus GapA was used to model SR1P onto this structure. The hypothetical SR1P binding pocket, composed of two a-helices at both termini of GapA, was investigated by constructing and assaying a number of GapA mutants in the presence and absence of wildtype or mutated SR1P. Almost all residues of SR1P located in the two highly conserved motifs are implicated in the interaction with GapA. A critical lysine residue (K332) in the C-terminal a-helix 14 of GapA corroborated the predicted binding pocket.
INTRODUCTION
Small regulatory RNAs (sRNAs) are the main posttranscriptional regulators in bacteria. They function in diverse physiological circuits in response to changing environmental or stress conditions. One class of sRNAs, cis-or trans-encoded antisense RNAs, employs base-pairing interactions with their target RNAs, while another class exerts its regulatory function by binding proteins [1] . Antisense RNAs use a variety of mechanisms to regulate translation and/or stability of their target RNAs (reviewed in [2] [3] [4] ). Whereas the majority of them are untranslated, a few antisense RNAs have a dual function: they act as base-pairing sRNAs on some targets and as peptide-encoding mRNAs on others (reviewed in [5] ). The first reported example was Staphylococcus aureus RNAIII encoding d-haemolysin (26 aa) [6] . Later, the streptolysin (SLS) ORF of Streptococcus Pel RNA [7] , the 43 codon SgrT ORF of E. coli SgrS [8] and the 22 aa psma ORF in Staph. aureus Psm-mec [9] were found to be translated. In most cases, base-pairing and peptide-encoding functions act in the same pathway. For instance, SgrS and SgrT downregulate PtsG glucose transporter activity and have a physiologically redundant, but mechanistically distinct, function in inhibition [8, 10] . For other small ORFs present on known sRNAs, e.g. the 72 codon hyp7 ORF of Clostridium perfringens VR [11] , the 32 codon ORF of Streptococcus pyogenes RivX [12] or the 37 codon ORF on Pseudomonas aeruginosa PhrS [13] , so far, no data are available with regard to translation or possible biological function(s).
The small RNA SR1 (205 nt) was discovered in 2005 during a search for trans-encoded sRNAs in the intergenic regions of the Bacillus subtilis chromosome [14] . It is the only dual-function sRNA that acts in two different pathways: arginine catabolism and RNA degradation. As a base-pairing antisense RNA, SR1 inhibits translation of ahrC mRNA encoding the transcriptional activator of the arginine catabolic operons rocABC and rocDEF [15, 16] . SR1 encodes a 39 aa peptide with a pI of 3.9, SR1P, which interacts with GapA, the glyceraldehyde-3P-dehydrogenase A [17] . In the presence of SR1P, gapA mRNA was 10-fold more stable than in its absence [17] .
SR1 is only expressed under gluconeogenic conditions, but repressed under glycolytic conditions by CcpA (two-to threefold) and CcpN (20-to 30-fold) [14] . CcpN binds at two sites upstream of and in the spacer of the sr1 promoter [18] , and contacts the a-subunit of the RNA polymerase to inhibit its escape from the sr1 promoter [19] . For transcription inhibition, both ATP and a slightly acidic pH (6.5) are required -conditions that are present during glycolysis [20] . Therefore, SR1, which is derepressed under gluconeogenic conditions, can help GapA, which is idle under these conditions, to moonlight in RNA degradation. GapA binds two B. subtilis RNases, J1 -a 5¢À3¢ exoribonuclease and endoribonuclease -and the main endoribonuclease Y. SR1P promotes binding of RNase J1 to GapA and increases the activity of GapA-bound RNase J1 in vitro ( [21] , see Fig. 1 ). Furthermore, the half-life of an RNase J1 substrate was more than twofold increased in the absence of GapA as well as in the absence of RNase J1 [21] .
SR1 homologues are present in 23 species of Bacillales, and the two functions of SR1 have been remarkably conserved over~1 billion years of evolution [22] .
Here, we report on the interaction between SR1P and GapA as deduced from a combination of in vivo and in vitro methods. Based on a ROBETTA-derived (http://robetta.bakerlab. org/) structural model and circular dichroism (CD) analysis of the SR1P peptide, 21 SR1P mutants were constructed and investigated with regard to GapA binding in co-elution(CE) assays and stabilization of gapA mRNA in Northern blots. The evolutionary conservation of the SR1P structure and function [22] and the known crystal structure of Geobacillus stearothermophilus GapA [23] allowed a hypothetical SR1P binding pocket to be deduced. Seven GapA proteins mutated in this pocket were assayed for binding of wild- Model of the action of SR1 and SR1P. SR1 is the first identified dual-function sRNA from the B. subtilis chromosome. Its expression is repressed under glycolytic conditions by CcpN and CcpA. On the one hand, SR1 represses translation of ahrC mRNA by a basepairing mechanism [15] and on the other hand, it acts as a peptide-encoding mRNA. The encoded peptide SR1P interacts with the glycolytic enzyme GapA thereby modulating its moonlighting activity in RNA degradation. The presence of SR1P allows interaction of the resulting GapA/SR1P complex with RNase J1, which facilitates the degradation of RNase J1 targets and simultaneously interferes with RNase J2-dependent degradation of gapA mRNA. In the absence of SR1P, GapA is not competent for efficient RNase J1 binding, resulting in degradation of gapA mRNA by the RNase J1/J2 complex [21] .
type or mutated SR1P. A critical lysine residue (K332) in the C-terminal a-helix of GapA corroborated the binding pocket. Implications for the biological function of the GapA/SR1P complex are discussed.
METHODS

Enzymes and chemicals
Chemicals used were of the highest purity available. All chemicals were purchased from Sigma-Aldrich. Taq-polymerases were purchased from Roche and Solis Biodyne. Restriction enzymes were purchased from Jena Bioscience, New England Biolabs and Fermentas. Strep-tactin sepharose and the corresponding elution buffer were purchased from IBA.
Strains, media and growth conditions E. coli strain TG1 [24] was used for cloning. B. subtilis strains MG1P [25] and DB104 (Dsr1 :: cat) [14] were used for expression of gapA and sr1p mutants, respectively. TY medium [14] served as complex medium. The tet promoter on plasmid pWSR1 and its derivatives was induced by addition of anhydro-tetracycline to a final concentration of 0.5 µg ml À1 and incubation for at least 15 min at 37 C.
Protein expression, protein purification and Western blotting Expression, purification of Strep-tagged GapA and co-elution of untagged GapA were carried out as described previously [17] . Western blotting (WB) for detection of GapA was carried out as described previously [17] .
RNA preparation and Northern blotting B. subtilis strains were cultivated in TY medium until onset of stationary growth phase; 0.5 ml samples were immediately frozen in liquid nitrogen and stored at À20 C. RNA preparation was carried out as described previously [14] . Northern blotting (NB) was performed as described previously [26] .
Construction of plasmids for overexpression of Strep-tagged B. subtilis SR1P species To express mutant SR1P species under a tetracycline inducible promoter, two parallel PCR reactions were performed with primer SB348 and mutant primer 1 as well as mutant primer 2 and SB317, respectively, and plasmid pWSR1/M25 [17] as template; the resulting fragments were isolated from agarose gels and subjected to a third PCR reaction with outer primers SB348 and SB317. The obtained fragments were digested with HindIII and inserted into the HindIII vector of pWSR1 [14] . Inserts were confirmed by sequencing. The constructed mutant plasmids are listed in Table 1 , and the corresponding mutant primer pairs are listed in Table S1 , available in the online Supplementary Material.
Construction of pWSR1/M68 encoding a mutated B. thuringiensis SR1P Using plasmid pWSR1/M66 containing B. thuringiensis SR1P-III ORF as template [22] , a two-step PCR was performed with primer pairs SB348/SB1968 and SB1967/ SB1940 in the first step and primer pair SB348/SB1940 in the second step. The resulting fragment carrying the heterologous bsrF terminator [27] downstream of the mutated Strep-tagged sr1p-III was cleaved with HindIII and inserted into the pWSR1 HindIII vector. The resulting plasmid pWSR1/M68 was transferred into B. subtilis strain MG1P (DamyE :: pMGG5).
Construction of plasmids for the expression of B. subtilis gapA mutants For the construction of plasmids with gapA mutant genes, we employed three different approaches. In the case of a Cterminal truncation or single aa exchanges as in mutants MGG6, 11 and 12, two parallel PCR reactions with mutant primer 1/SB1818 and mutant primer 2/SB1769, respectively, on plasmid pMGG1 [25] as template were performed. The fragments were isolated from agarose gels and served as templates for a third PCR with primer pair SB1818/SB1769. To generate gapA mutants with exchanges of the C-terminal lysine residues (mutants MGG7 and MGG8), two subsequent PCR reactions were performed, the first on chromosomal DNA of B. subtilis DB104 as template with primer SB1818 and mutant primer SB1796 or SB1797 for mutant 7 or mutant 8, respectively. The isolated fragments served as templates for the second PCR with primer pair SB1818/ SB1795. For the construction of N-terminally truncated gapA species, single PCRs with primer pairs SB1983/SB1769 for mutant MGG9 and SB1984/SB1769 for mutant MGG10 were performed on chromosomal DNA of B. subtilis DB104. All final fragments were isolated from agarose gels, digested with HindIII and BamHI and ligated into the corresponding pMG7 vector yielding plasmids pMGG6 to pMGG12. All inserts were confirmed by sequencing. To integrate the mutated gapA genes into the chromosomal amyE locus, all plasmids were linearized with BsaI and used for transformation of B. subtilis strain MG1P.
Construction of a plasmid for expression of B. thuringiensis gapA Plasmid pMGG5 used for expression of the non-tagged B. thuringiensis gapA was generated by a PCR on chromosomal DNA of B. thuringiensis as template using primer pair SB1788/SB1790. The resulting fragment carrying the downstream heterologous bsrF terminator was cleaved with BamHI and HindIII and inserted into the pMG7 vector.
De novo prediction of the SR1P structure The wild-type peptide sequence was submitted to the ROBETTA webserver (http://robetta.bakerlab.org/; [28] ) for de novo structure prediction. The structural models returned by the server were visually inspected using the UCSF Chimera package [29] .
CD measurements
Far-UVCD spectra were recorded on a JASCO J-710 CD spectropolarimeter at five different temperatures in a 1 mm quartz cuvette to estimate the secondary structure content of SR1PD9. The instrument was calibrated with 1S-(+)-10-camphorsulphonic acid (Sigma Aldrich). An SR1PD9 concentration of 21 µM in 20 mM phosphate buffer pH 4.0 containing 0.1 mM DTT was used and verified spectrophotometrically at 280 nm with the extinction coefficient calculated using ProtParam (http://web.expasy.org/protparam/). Each CD spectrum represents the average of 10 accumulated scans at 100 nm min À1 with a 1 nm slit width and a time constant of 1 s for a nominal resolution of 1.6 nm. Data were collected between 185 and 260 nm by taking points every 1 nm. No further zeroing was applied after background subtraction. Data were processed and analysed with CDNN [30] .
RESULTS
Modelling of the SR1P structure An attempt to perform homology modelling based on existing structures in the RCBS Protein Databank (www.rcsb. org/pdb/home/home.do) via SWISS MODEL (https://swissmodel.expasy.org) failed due to a lack of templates of sufficient quality. Hence, we resorted to de novo prediction of the structure of SR1P by submitting the wild-type peptide sequence to the ROBETTA webserver (http://robetta.bakerlab. org/). Five different structures were returned by the server, four of which are illustrated in Fig. S1 . Models 1, 3 and 4 share a common distribution and content of secondary structural elements with the topology b1a1b2a2. Model 2 carries three helical elements and virtually no b-strand. However, the fifth model ( Fig. 2 ) returned by the ROBETTA webserver lacked a helical element but contained a threestranded antiparallel b-sheet.
CD analysis of a synthetic SR1P confirms one of the structural models To validate the SR1P structural models predicted by ROBETTA, CD analysis with a synthetic SR1 peptide was performed. Previously, we have shown that the C-terminal 9 aa of SR1P are not required for its function [17] . Furthermore, only two of the six cysteines, Cys6 and Cys9, are needed, and Cys28 and Cys29 could be replaced by serine residues without loss of in vivo function [17, 22] . To minimize the formation of disulphide bonds, which were expected to facilitate aggregation, a synthetic peptide comprising only the N-terminal 30 aa and containing two substitutions, C28S and C29S, was used. The far-UV CD spectra of SR1P D9 measured at five different temperatures (5, 20, 37, 48 and 55 C) are displayed in Fig. 2 (b). After increasing the temperature stepwise from 5 to 55 C, the final measurement was performed after returning the sample's temperature to 20 C. For all temperatures, the CD spectra of the peptide indicated only antiparallel bsheets and b-turns and about 50 % random coil. No parallel b-sheets or significant a-helical spectral characteristics were found (Fig. 2c) . As the four other models (Fig.   S1 ) were predicted to contain significant a-helical elements, model 5 ( Fig. 2a ) turned out to be the one most consistent with our CD data. Hence, this model was used to design the experiments described below. Construction and analysis of SR1P mutants using Northern blotting and co-elution experiments To investigate which of the three strands of the antiparallel bsheet of SR1P is involved in the interaction with GapA, we designed a number of mutants starting with the two most conserved central SR1P motifs, FEDEK and VTTLY. Mutations were designed based on the structure in Fig. 2(a) and the primary sequence of B. subtilis SR1P and its 23
homologues [22] . Table 1 summarizes all constructed mutant plasmids. Mutations were introduced into plasmid pWSR1/ M25 [17] , which allows tetracycline-inducible overexpression of sr1p with a C-terminal Strep-tag. As described previously, SR1P binds to GapA and this interaction significantly increases the stability of gapA mRNA during the stationary growth phase. As a consequence, a B. subtilis wild-type strain possesses higher steady-state levels of the gapA mRNA (Fig. S2a) and binding of GapA protein in co-elution experiments followed by sodium dodecyl sulfate polyacrylamide gel electrophoresis (Fig. S2b) . The Strep-tag sequence and the point mutations within SR1P are highlighted in grey. + (green), complementation in Northern blot/co-elution of B. subtilis GapA, À (red), No complementation/co-elution. Below, the SR1P structure (taken from Fig. 2a) is displayed in grey, and aa found to be crucial for the interaction with GapA are highlighted in red.
compared to the SR1 knockout strain [17] . All SR1P mutants were transferred to B. subtilis DB104(Dsr1 :: cat) and analysed by Northern blotting (NB) and co-elution (CE) experiments as described previously [17, 22] . The results are summarized in Fig. 3 . For comparison, pWSR1/M25 encoding wild-type sr1p with a C-terminal Strep-tag was used. Mutants pWSR1/ M34 (F16Y) and pWSR1/M35 (F16A) underline the importance of phenylalanine 16. Whereas both F16Y and F16A were functional in NB as they increased the level of B. subtilis gapA mRNA, only F16Y was able to co-elute B. subtilis GapA from a Strep-Tactin column. Since our previous experiments showed that SR1P/GapA binding has to be stronger to obtain a positive result in CE than in NB, this result indicates that in position 16 an aromatic residue (phenylalanine or tyrosine) is required for a wild-type-like interaction with GapA. In mutants pWSR1/M36, M37, M38 and M39, the wild-type residues at positions 17, 18, 19 and 20 were individually replaced by alanine residues. Furthermore, in M61, K20 was substituted by R. As shown in Fig. 3 , positions 17 and 18 were neither in NB nor in CE affected by alanine replacements whereas position 19 and, in particular, position 20, were. Replacement of lysine 20 by the positively charged arginine 20 (K20R) only affected GapA binding in CE, and not gapA RNA levels. By contrast, K20A was active neither in NB nor in CE, which clearly shows that this is a critical position for the interaction with GapA and the functionality of the peptide. The previously analysed 9 SR1P homologues from other Bacillales are in agreement with these data, as only two variations in position 18 of the FEDEK motif (D18N in Bacillus pumilus and D18V in Bacillus halodurans) were found, which in both cases did not alter gapA stabilization but GapA binding in CE.
Since both H14 and Y15, located at the N-terminus of strand 2 of the b-sheet together with F16 and E17 of the FEDEK motif, were also highly conserved in all 23 SR1P homologues, mutant M62 (H14D Y15Q) was constructed. M62 proved to be able to increase gapA RNA levels but was inactive in GapA binding.
To investigate the highly conserved VTTLY motif (aa 21-25), mutants M40 (V21E), M41 (T22A T23A), M42 (L24K) and M43 (Y25W) were constructed and analysed. The gapA level was not altered significantly in any of these mutants; only M43 (Y25W) was still able to bind GapA in CE. In our former analysis of nine SR1P homologues, M59 containing T22R (present in Bacillus megaterium) showed the strongest effect, i.e. was inactive in GapA binding and increasing gapA RNA levels [22] . However, one has to bear in mind that this SR1P homologue differs also in positions 8, 11, 12, 14, 15, 26, 29 and 30 from B. subtilis SR1P. Taken together, aa 21-24 are required for tight GapA binding, and T22 might be particularly important.
The seven N-terminal amino acids MGTIVCQ, among which IVCQ are located in strand 1 of the b-sheet, display the highest conservation among all motifs. Mutants M69-M75 were generated to analyse the importance of this motif. Three mutants carry individual aa exchanges, M69 (T3A), M70
(Q7A) and M71 (V5E). Whereas M69 was fully active, M70 and M71 were unable to tightly bind GapA in CE. Mutants M72 to M75 were designed to analyse whether strand 1 is required simply as a structural element, or whether individual aa are necessary for contacts to GapA. Mutant M72 contains six aa exchanges which should allow formation of an N-terminal b-strand with a completely different primary sequence. This mutant was inactive in both NB and CE assays, suggesting that the b-strand has not only a structural role. To further investigate the impact of strand 1 we replaced the aa that stick into the potential interaction surface by either aa with different functional groups (polar versus aliphatic or vice versa), bulky aa or a combination of both. In mutants M73 and M74 T3, V5 and Q7 were replaced by aa with different functional groups. Whereas substitution with aa of similar size in M73 (T3V, V5T, Q7V) only prevented successful CE of GapA, the replacement with bulky aa in M74 (T3F, V5Y, Q7W) lead to inactivity in both NB and CE assays. By contrast, M75 (T3Y, V5F, Q7Y) was still active in both NB and CE even though bulky aa were incorporated. Apparently, the correct size of the incorporated aa that allow SR1P to fit into its binding pocket is less important than the correct functional groups for the SR1P-GapA interaction. These data indicate that not only the b-sheet structure, but also its primary sequence is important. Mutants M69-M75 clearly show that aa located in the highly conserved N-terminal b-strand 1 are also involved in contacts with GapA.
Taken together, the mutational analysis of SR1P revealed that all regions conserved in the 23 SR1P homologues (MGTIVCQ and FEDEKVTTLY) are involved in binding to GapA.
Deduction of a putative SR1P binding pocket on GapA
The crystal structure of G. stearothermophilus GapA [23] and Bacillus anthracis GapA are the only available crystal structures of a Bacillus GapDH. The most recent data on the structure [31] were used to predict a possible binding pocket for SR1P (Fig. 4) . For our prediction, we assumed that a putative binding pocket would have the following characteristics: (1) located at the GapA surface as this would allow an easy access for SR1P; (2) polar or charged aa sticking into the putative binding pocket for the formation of hydrogen bonds; (3) residues not involved in oligomerization of GapDH subunits. Moreover, we also excluded an interaction between SR1P and either the substrate or co-factor binding pocket since the enzymatic activity of GapA was not abolished in the presence of SR1P (data not shown). Using these search criteria, we identified a putative SR1P binding pocket that is formed by the C-terminal GapA helix 14 and flanked by the N-terminal helix 1 as well as two random coiled regions (GapA [268] [269] [270] [271] [272] and GapA 287-292 ). All three elements could provide functional aa, among them three conserved asparagine residues, N16, N23 and N24 from helix 1, three residues (K270, K289, S291) within the random coiled domain and six residues from the C-terminal helix 14 (N321, R322, D325, Y329, K332, K333). Especially N321, K332 and K333 within helix 14 are suitable candidates for an interaction with SR1P as their functional groups point into the predicted SR1P binding pocket and are not predicted to be involved in intramolecular hydrogen bonds. Furthermore, the overall positive charge of the putative binding pocket points to an interaction with a negatively charged interaction partner like SR1P (pI 3.9).
Investigation of GapA mutants in the absence and presence of wild-type or mutated SR1P Based on our prediction of a potential SR1P binding pocket, the interaction with SR1P would include the C-terminal ahelix (helix 14) of GapA. Therefore, plasmid pMGG6 was constructed that comprises a 3¢-truncated gapA gene for the expression of GapA D328-335 . The deletion of the eight C-terminal aa of GapA affects half of the C-terminal a-helix 14. Fig. 5(a) displays an overview of all constructed GapA mutants. Plasmid pMGG6 was integrated into the chromosome of B. subtilis MG1P containing pWSR1/M25 (expressing wild-type SR1P with a C-terminal Strep-tag) and CE experiments were performed as described previously [17] . Elution fractions were analysed by Western blotting (WB) with GapA-specific antibodies. The truncated GapA could not be co-eluted with SR1P suggesting that GapA helix 14 might be important for binding of SR1P (Fig. 5b gives an overview of WB results with all GapA mutants).
To gain a more detailed insight into the potential interaction surface, point mutations in helix 14 were generated. Therefore, we chose two lysine residues at positions 332 and 333 as well as asparagine 321. Mutant MGG7 contains a K333L and mutant MGG8 a K332A substitution. Furthermore, in mutants MGG11 and MGG12, the less-conserved asparagine residue 321 was exchanged against the functionally similar glutamine or alanine, respectively. All mutants were integrated into the B. subtilis chromosome and CE assays were carried out. As MGG7 was visible in the CE fractions, we conclude that the positively charged K333 is apparently not involved in the SR1P-GapA interaction. In contrast, in MGG8, where the neighbouring K332 was replaced by alanine which protrudes further into the potential binding pocket, a significantly weaker GapA signal was observed in elution fractions by WB indicating a noticeably weaker GapA-SR1P interaction. Consequently, K332 interacts with SR1P. A further interesting result was obtained with MGG11 (N321Q) and MGG12 (N321A): whereas the exchange of asparagine 321 by glutamine had no effect on the stability of the interaction, the replacement of N321 by alanine and the connected loss of a functional amide group resulted in a significantly weaker GapA CE. Therefore, N321 is also important for the GapA-SR1P interaction.
Our predicted SR1P binding pocket suggests that SR1P might, in addition to C-terminal a-helix 14, also contact the N-terminal a-helix 1. Therefore, two additional GapA mutants carrying N-terminal deletions were designed. In MGG10, the entire N-terminal GapA domain comprising 89 aa was deleted (GapAD 1-89 ) . By contrast, MGG9 (GapAD 1-25 ) lacks only the N-terminal helix 1 and b sheet 1. Both mutants did not co-elute with SR1P. Whereas the result for MGG10 might be also due to critical changes in the GapA tertiary structure, this is unlikely for MGG9. Apparently, the N-terminal GapA a-helix is also involved in the interaction with SR1P. However, to exclude that the introduced deletions or mutations affected the GapA tertiary structure, the enzymatic activity of all mutated GapA proteins was analysed. As a gapA deletion results in the inability of B. subtilis to grow in minimal medium with glucose as sole carbon source, GapA mutants that are still able to grow in this medium must express an enzymatically functional enzyme (Fig. S4) . Although enzymatic functionality is only one indicator for a largely intact structure of GapA, the lack of enzyme activity suggests that the deletion/mutation might have affected the GapA structure. Only mutant MGG10 (deletion of 89 aa) was enzymatically inactive, whereas all other GapA mutants were still active.
Investigation of the interaction of the three B. thuringiensis SR1P homologues with B. thuringiensis GapA B. thuringiensis is a representative of the Bacillus cereus group and has, as the other members of this group, an SR1 homologue of~600 nt that codes for three SR1P copies [22] . Mutated gapA genes were integrated into the amyE locus of B. subtilis MG1P and the resulting strains transformed with the inducible overexpression plasmid pWSR1/M25 encoding Strep-tagged SR1P. Co-purification of GapA mutants was analysed by Western blotting as described in [17] with GapA-specific antibodies. C, Wild Type GapA as positive control; W, washing fraction; E, elution fraction. Complete blots are shown in Fig. S3 .
These three peptides differ in a few positions from B. subtilis SR1P, but in other positions also from each other (Fig. 6 ).
As we have shown previously, SR1P-I co-elutes with B. subtilis GapA [22] . To analyse the ability of each of the three B. thuringiensis SR1P homologues to bind its cognate GapA, B. thuringiensis gapA was inserted into pMG7 resulting in pMGG5 which was integrated into the amyE locus of B. subtilis strain MG1P lacking the B. subtilis gapA gene. The previously constructed plasmids pWSR1/M51, pWSR1/M65 and pWSR1/M66 carrying each one of the three copies (I to III) of B. thuringiensis SR1P [22] were transferred into B. subtilis MG1P (DamyE :: pMGG5) and the resulting transformants subjected to CE. Only SR1P-I and SR1P-II coeluted with a protein (Fig. 6 ). WB revealed that B. thuringiensis GapA co-eluted with SR1P-I whereas it did not with SR1P-II. Apparently, another protein of similar size coeluted with SR1P-II (data not shown). Taken together, the analysis of the three SR1P homologues from B. thuringiensis confirmed the result obtained earlier with B. subtilis GapA [22] : only SR1P-I can interact with GapA whereas SR1P-II and SR1P-III most likely have other functions.
A single aa substitution enables non-functional B. thuringiensis SR1P-III to interact with GapA The few aa differences between B. thuringiensis SR1P-I and SR1P-III prompted us to find out which of these aa are involved in contacts to GapA. Previously, we had shown that only the N-terminal 30 aa are important for the function of B. subtilis SR1P [17] . Within these 30 aa, only three differ between B. thuringiensis SR1P-I and II/III, namely D8, A14 and V21 (Fig. 6 ). It can be assumed that at least one of these three residues is important for the interaction with GapA. Therefore, a SR1P-III mutant was constructed that carried, instead of serine 21, a valine residue that is present at this position in SR1P-I. CE and WB showed that SR1P-III S21V is able to co-elute with B. thuringiensis GapA. This result demonstrates that V21 in SR1P is critical for interaction with GapA, corroborating the significance of the VTTLY motif in all 23 SR1 homologues. A comparison of the GapA amounts that could be co-eluted with SR1P-I and SR1P-IIIS21V revealed that V21 is most probably not the only SR1P-I residue relevant for interaction with GapA. An additional influence of D8, A14 or C-terminal aa could be responsible for the observed different stability of the SR1P-GapA interactions.
DISCUSSION
The mutational analysis of SR1P demonstrated that the two regions highly conserved in the 23 SR1P homologues [MGTIVCQ (aa 1-7) and FEDEKVTTLY (aa [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] ] are involved in binding to GapA. These regions are all located in antiparallel b-sheets and b-turns (Fig. 2) . As we were able to show for the N-terminal strand 1 of the b-sheet comprising IVCQD, not the structure itself, but the presence and position of individual aa is important for recognizing GapA. In the conserved FEDEK motif, notably residues F16, E19 and K20 proved to be critical, as shown with mutants M34 and M35 (F16Y, F16A) as well as M38 (E19A) and M39/M61 (K20A/K20R). Other mutants (M40-M43) indicated that all four aa 21-24 (VTTL) are required for tight GapA binding, and T22 might be particularly important. In addition, the results obtained with the compensatory B. thuringiensis SR1P-III S21V mutant M68 corroborated the importance of valine 21 for the contact to GapA.
Recently, Impens et al. investigated the interaction of a novel 31 aa peptide -Prli42 from Listeria monocytogeneswith one of the Listeria stressosome components [32] . The authors simulated the association between Prli42 and RsbR through computational docking using the crystal structure of the N-terminal domain of Bacillus RsbR to build a structural model for Listeria RsbR that predicted an interaction of the basic N-terminal tail of Prli42 containing the conserved K4, K5 and R8 residues with an acidic patch between two RsbR subunits. Subsequently, they tested this model by constructing Prli42 aa replacement mutants K5A, K5F, K5L and R8A and testing them by using immunoprecipitation Fig. 6 . Western blot analysis of B. thuringiensis SR1P species. The B. thuringiensis gapA gene was integrated into the amyE locus of B. subtilis MG1P and the resulting strain transformed with an inducible overexpression plasmid encoding one of the three B. thuringiensis SR1P species. Co-purification of GapA was analysed by Western blotting as described in [17] with GapA-specific antibodies. Left, Western blots indicate that SR1P-I is able to co-purify with GapA whereas SR1P-II and SR1P-III are not. Interestingly, the single aa exchange S21V in SR1P-III restored the GapA-binding ability. and WB. This combination of structure modelling and experiments allowed the authors to establish the crucial role of aa K5 and R8 of Prli42 for binding to RsbR [32] .
Here, we used a very similar approach. The investigation of seven GapA mutants confirmed our predicted SR1P binding pocket and showed that aa in both the C-and the N-terminus, in particular C-terminal a-helix 14 as well as N-terminal a-helix 1, are involved in contacts with SR1P. Among them, lysine 332 in helix 14 proved to be arbitrative, whereas replacement of the neighbouring aa K333 and N321 had not so strong effects: while K333L, N321Q and N321A were still able to interact with SR1P, mutant K332A displayed a significantly weaker interaction, indicating its critical role. Nevertheless, the still-functional GapA mutants N321Q and N321A showed lower GapA amounts in the CE fractions than wild-type GapA, which suggests a weaker interaction with SR1P. However, in contrast to the N-and C-terminal deletion mutants, the substitution of a single aa did not result in a complete loss of interaction.
In summary, we can conclude that the SR1P-GapA interaction surface comprises a variety of aa contacts and, therefore, a single aa exchange is in the majority of cases not sufficient to completely abolish the SR1P-GapA interaction.
As found recently, B. subtilis GapA moonlights under gluconeogenic conditions in RNA degradation, when its metabolic activity is not required [21] . Thereby, SR1P, whose expression is de-repressed under gluconeogenic conditions [14] , modulates the moonlighting activity of GapA (summarized in Fig. 1 ). As GapA is able to bind two major B. subtilis RNases, J1 and Y, it can be assumed that the protein has, in addition to the SR1P binding pocket, contact domains for both RNases. Whereas binding of RNase J1 was stronger in the presence of SR1P, RNase Y binding was SR1P-independent [21] . The elucidation of the SR1P-GapA interaction surface could also impact the identification of the surface for the interactions between GapA and the RNases J1 and Y. Since RNase Y was bound by GapA in the presence and absence of SR1P [21] it is not likely that RNase Y interacts with the same GapA region as SR1P. In contrast, SR1P facilitates the interaction between GapA and RNase J1. Thus, two alternative scenarios are conceivable: First, binding of SR1P could have an allosteric effect that facilitates the interaction between GapA and RNase J1. Previously, we had hypothesized that SR1P binding might induce a conformational change in GapA [17] . This change might be needed to allow a better accessibility of the region implicated in RNase J1 binding. In this case, SR1P and RNase J1 would bind at two different GapA sites. Alternatively, SR1P and RNase J1 would interact within the same region of GapA; masking of the positively charged SR1P binding pocket by the overall negatively charged peptide SR1P could alter the GapA surface thereby allowing interactions with positively charged domains of RNase J1.
The identification of the SR1P binding pocket does not only help us to understand the GapA-SR1P interaction in more detail, it also provides a starting point for the elucidation of the contact regions between GapA and RNases J1 or Y. Future work will be directed at the identification of these contacts and the influence of SR1P on the dynamic structure of the B. subtilis degradosome [33] .
SR1, SR1P and their functions are highly conserved among Bacilli [22] . Moreover, both functions target global processes since SR1 inhibits translation of the transcriptional regulator AhrC [15, 16] and SR1P is involved in RNA degradation as it modulates the interaction between GapA and RNase J1 [21] . Nevertheless, so far, no phenotype has been detected for a strain lacking either SR1 or SR1P. The high degree of evolutionary conservation points to an important physiological role for SR1P and/or SR1 that helps Bacillus to cope with stressful conditions that only occur in its natural habitat. It is tempting to speculate that the presence of SR1P might link the activity and/or specificity of the RNA degradation machinery in B. subtilis to the environmental conditions. The lack of any observable phenotype might be attributed to the difference between the overall harsh conditions in the soil and the favourable laboratory conditions. The identification of conditions that results in a severe growth defect could help to improve our knowledge about regulation of gene expression in B. subtilis in general and the function of the SR1P-GapA interaction in particular and will be the aim of future research.
SR1 is one of the few dual-function sRNAs known to date (reviewed in [5] ). Whereas the peptides encoded by RNAIII and Psm-mec from Staph. aureus as well as Pel from Strep. pyogenes are phenol-soluble haemolysins required in virulence, the only other dual-function sRNA whose peptide is implicated in the interaction with a protein is SgrS [8, 10] . Recently, N-terminal aa of the major glucose permease PtsG were identified that are important for the function of SgrT, the peptide encoded by SgrS [34] .
It can be anticipated that the group of dual-function sRNAs will expand in the future, adding a new layer to the interplay between proteins and RNA and leading to the identification of novel functions for small proteins.
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